All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Metformin is a member of the biguanide class of drugs used for the treatment of type II diabetes. Metformin directly inhibits complex I of the mitochondrial electron transport chain (ETC) \[[@pbio.1002309.ref001],[@pbio.1002309.ref002]\], resulting in decreased complex I activity and oxidative phosphorylation (OXPHOS) in cells \[[@pbio.1002309.ref003],[@pbio.1002309.ref004]\]. In diabetic patients, metformin primarily acts in the liver to inhibit gluconeogenesis \[[@pbio.1002309.ref005]--[@pbio.1002309.ref007]\], reducing hyperglycemia and the associated elevation in circulating insulin. Metformin functions in part by triggering an LKB1-dependent stress response in the liver, resulting in activation of the AMP-activated protein kinase (AMPK) energy sensor and reduced expression of gluconeogenic enzymes in hepatocytes \[[@pbio.1002309.ref008]\]. However, recent epidemiological data has suggested that tumor progression is slowed in diabetic patients taking metformin versus patients on other antidiabetic treatments \[[@pbio.1002309.ref009]\]. These results have driven considerable interest in investigating the use of metformin for cancer therapy.

Currently, there are two central models to explain the antiproliferative effects of metformin on cancer cells: 1) that metformin acts indirectly on tumor cell growth by lowering systemic insulin and insulin-like growth factor-1 (IGF-1) levels through inhibition of hepatic gluconeogenesis, thus suppressing the growth of insulin/IGF-1-dependent tumor cells; or 2) that metformin acts directly on complex I of tumor cells to reduce OXPHOS and other metabolic activities of tumor cells \[[@pbio.1002309.ref010],[@pbio.1002309.ref011]\]. In support of the latter hypothesis, recent work has shown that metformin directly targets complex I of the ETC in cancer cells \[[@pbio.1002309.ref001],[@pbio.1002309.ref002]\], and that complex I inhibition results in reduced cancer cell proliferation in vitro and in vivo \[[@pbio.1002309.ref012]\]. However, the downstream effects of complex I inhibition and how they influence tumor proliferation remain unclear. Metformin-dependent effects on cellular bioenergetics can promote the activation of the metabolic checkpoint kinase AMPK \[[@pbio.1002309.ref013]--[@pbio.1002309.ref016]\], which has previously been linked to metformin action in tumor cells \[[@pbio.1002309.ref014],[@pbio.1002309.ref017],[@pbio.1002309.ref018]\]. Metformin has also been proposed to suppress cell proliferation through inhibition of the mammalian target of rapamycin (mTOR) through AMPK-dependent and -independent pathways \[[@pbio.1002309.ref019]--[@pbio.1002309.ref021]\]. Given that metformin treatment reduces ETC activity and impacts glycolytic metabolism and lactate production, it remains possible that metformin may act by modulating metabolic pathways required for tumor cell growth and proliferation.

Here we have used metabolic profiling and stable isotope tracer analysis (SITA) to investigate the impact of metformin treatment on tumor cell metabolism. Our results indicate that metformin suppresses the flow of carbon into the Tricarboxylic Acid (TCA) cycle, which impacts pathways of mitochondrial-dependent biosynthesis including citrate-dependent de novo lipogenesis. We find that tumor cells with reduced oxidative mitochondrial function due to either mutations in the mitochondrial ETC or growth under hypoxia are resistant to metformin treatment; these cells continue to proliferate under metformin concentrations that normally suppress tumor cell growth. Together our data demonstrate that metformin can antagonize cell proliferation by suppressing TCA cycle-dependent production of metabolic intermediates required for tumor cell proliferation.

Results {#sec002}
=======

The Effects of Metformin on Cancer Cell Proliferation and Metabolism Are Independent of Metabolic Checkpoints {#sec003}
-------------------------------------------------------------------------------------------------------------

It is well established that metformin exerts antiproliferative effects on cancer cells in vitro \[[@pbio.1002309.ref017],[@pbio.1002309.ref022],[@pbio.1002309.ref023]\]; however, the mechanisms of metformin action on tumor cells are poorly understood. We used H1299 non-small cell lung cancer (NSCLC) cells to better establish how metformin restricts cancer cell proliferation. Similar to other cancer cell types, H1299 cells display dose-dependent proliferative arrest in response to increasing metformin concentrations while maintaining cell viability ([Fig 1A](#pbio.1002309.g001){ref-type="fig"} and [S1A Fig](#pbio.1002309.s014){ref-type="supplementary-material"}). HCT116 colon cancer cells displayed a similar dose-dependent decrease in cell proliferation in response to increasing metformin concentrations ([S1B Fig](#pbio.1002309.s014){ref-type="supplementary-material"}). AMPK signaling was intact in H1299 cells, as metformin treatment promoted increased phosphorylation of AMPKα (pT172) and increased phosphorylation of downstream AMPK targets ACCα (pS79) and Raptor (pS792) ([Fig 1B](#pbio.1002309.g001){ref-type="fig"} and \[[@pbio.1002309.ref024]\]). H1299 cells treated overnight with varying doses of metformin displayed a dose-dependent decrease in the ATP:ADP ratio ([Fig 1C](#pbio.1002309.g001){ref-type="fig"}), consistent with the action of metformin as a mitochondrial complex I inhibitor \[[@pbio.1002309.ref002]--[@pbio.1002309.ref004]\]. Cellular ATP levels decreased with increasing doses of metformin treatment, along with increases in ADP and AMP levels in metformin-treated cells ([S1C Fig](#pbio.1002309.s014){ref-type="supplementary-material"}).

![Metformin exerts AMPK-independent effects on cancer cell metabolism.\
**A.** Proliferation of H1299 NSCLC cells treated with the indicated concentrations of metformin for 72 h. Cell numbers are expressed relative to cell counts in control conditions (0 mM metformin). Each data point represents the mean ± standard error of the mean (SEM) for triplicate samples. **B.** Immunoblot of AMPK activation in metformin-treated H1299 cells. H1299 cells were treated for 1 h with various doses of metformin (from left to right: 0, 2.5, 5, and 10 mM), and cell lysates analyzed for AMPK (total and pT172), ACCα (total and pS79), and Raptor (total and pS792) levels. **C.** ATP:ADP ratio of H1299 cells cultured with varying doses of metformin for 14 h. Ratios are expressed relative to cells grown in complete growth medium. The data represents the mean ± standard deviation (SD) for triplicate samples. **D--G.** Metabolic characterization of metformin-treated mouse embryonic fibroblasts (MEFs). Wild type (WT) or AMPKα-deficient (knockout, KO) MEFs were cultured in the presence or absence of metformin. Shown are the O~2~ consumption rate (OCR) (**D**) and extracellular acidification rate (ECAR) (**E**) of cells cultured for 24 h in the presence or absence of 10 mM metformin. Glucose consumption (**F**) and lactate production (**G**) were assessed after 48 h of culture with metformin (5 mM). All data are normalized to cell number and represent the mean ± SEM for triplicate samples per condition. The data are representative of three independent experiments. Raw data for this figure can be found in [S1 Data](#pbio.1002309.s001){ref-type="supplementary-material"}.](pbio.1002309.g001){#pbio.1002309.g001}

We next examined the bioenergetic profiles of metformin-treated cells by Seahorse assay, which measures the extracellular acidification rate (ECAR, a measure of extracellular pH that correlates with glycolysis) and O~2~ consumption rate (OCR, a measure of OXPHOS) of cells in real time \[[@pbio.1002309.ref025]\]. H1299 cells displayed decreased OCR and increased ECAR after acute metformin treatment ([S1D and S1E Fig](#pbio.1002309.s014){ref-type="supplementary-material"}), indicating reduced OXPHOS and a metabolic shift towards glycolysis. Extended metformin treatment (\>24 h) promoted increased glucose consumption and lactate production relative to untreated cells ([S1F and S1G Fig](#pbio.1002309.s014){ref-type="supplementary-material"}). The energy sensor AMPK has previously been linked to the antiproliferative and metabolic effects of metformin \[[@pbio.1002309.ref014],[@pbio.1002309.ref017],[@pbio.1002309.ref022]\], so we examined the effects of metformin on the metabolism of mouse embryonic fibroblasts (MEFs) lacking the α catalytic subunits of AMPK (*α1* ^*-/-*^ *α2* ^*-/-*^, knockout \[KO\]) \[[@pbio.1002309.ref026]\]. Metformin treatment reduced OXPHOS ([Fig 1D](#pbio.1002309.g001){ref-type="fig"}) and increased the ECAR ([Fig 1E](#pbio.1002309.g001){ref-type="fig"}) of MEFs regardless of AMPK expression. Metformin also increased glucose consumption ([Fig 1F](#pbio.1002309.g001){ref-type="fig"}) and lactate production ([Fig 1G](#pbio.1002309.g001){ref-type="fig"}) in both control and AMPKα-deficient MEFs.

We next examined the impact of metformin on the proliferation of cells lacking specific metabolic checkpoints. We first examined the impact of metformin treatment on the proliferation of MEFs lacking AMPKα1 and α2, which eliminates all AMPK catalytic activity \[[@pbio.1002309.ref027]\]. Proliferation was inhibited in both AMPK WT and KO MEFs, with AMPK KO MEFs displaying increased sensitivity to metformin treatment ([Fig 2A](#pbio.1002309.g002){ref-type="fig"}). MEFs lacking LKB1, which is required for AMPK activation in response to biguanide treatment \[[@pbio.1002309.ref028]\], displayed similar reductions in cell proliferation in response to metformin as control cells ([Fig 2B](#pbio.1002309.g002){ref-type="fig"}). A549 lung carcinoma cells lacking LKB1 displayed a similar dose-dependent suppression of cell proliferation in response to metformin treatment as A549 cells expressing LKB1 ([Fig 2C](#pbio.1002309.g002){ref-type="fig"}). Metformin is also a potent inhibitor of mTORC1 activity \[[@pbio.1002309.ref019],[@pbio.1002309.ref020],[@pbio.1002309.ref029]\]. mTORC1 promotes cell proliferation by phosphorylating and inhibiting the eIF4E binding proteins 4EBP-1 and -2, and cells lacking 4EBP1/2 continue to proliferate even when mTORC1 activity is inhibited \[[@pbio.1002309.ref030]\]. Thus, we examined the antiproliferative effects of metformin on 4EBP-1/2-deficient MEFs. Both control and 4EBP1/2 KO MEFs displayed similar reductions in cell proliferation in the presence of metformin ([Fig 2D](#pbio.1002309.g002){ref-type="fig"}), suggesting that the cytostatic effects of metformin do not depend on mTORC1-dependent inhibition of 4EBPs. Treatment with the biguanide phenformin induced similar antiproliferative effects as metformin on LKB1-deficient A549 cells ([S2A Fig](#pbio.1002309.s015){ref-type="supplementary-material"}) and 4EBP1/2-deficient MEFs ([S2B Fig](#pbio.1002309.s015){ref-type="supplementary-material"}), although at lower drug concentrations.

![Metformin suppresses cancer cell proliferation independent of metabolic checkpoints.\
Cells were cultured with the indicated concentrations of metformin, and cell number was determined by crystal violet incorporation after 72 h of culture. Cell number is expressed relative to control cell number (no metformin) at 72 h. Shown are cell numbers for control (WT) and AMPKα-deficient (KO) MEFs (**A**), control (WT) and LKB1-deficient (KO) MEFs (**B**), A549 cells expressing empty vector (A549/Vec) or re-expressing LKB1 (A549/LKB1) (**C**), and control (WT) or 4EBP1/2-deficient (double knockout, DKO) MEFs (**D**) in response to metformin treatment. Each data point represents the mean ± SEM for triplicate samples. Raw data for this figure can be found in [S2 Data](#pbio.1002309.s002){ref-type="supplementary-material"}.](pbio.1002309.g002){#pbio.1002309.g002}

Metformin Inhibits Glucose and Glutamine Utilization in Mitochondria {#sec004}
--------------------------------------------------------------------

Given the suppressive effect of metformin on OXPHOS, we next investigated the impact of metformin treatment on pathways of oxidative metabolism. A general screen of TCA metabolites in H1299 cells revealed that metformin treatment significantly lowered all metabolites of the TCA cycle except α-ketoglutarate (α-KG) ([Fig 3A](#pbio.1002309.g003){ref-type="fig"}). Using SITA with U-\[^13^C\]-glucose or U-\[^13^C\]-glutamine, we found that metformin treatment reduced the incorporation of glucose- and glutamine-dependent carbon into TCA cycle metabolite pools ([Fig 3B](#pbio.1002309.g003){ref-type="fig"}). We observed a dose-dependent reduction in the total abundance of ^13^C-glucose-derived citrate under metformin treatment ([Fig 3C](#pbio.1002309.g003){ref-type="fig"}). Examination of ^13^C isotopomer distribution in cells incubated with U-\[^13^C\]-glucose (schematic in [Fig 3D](#pbio.1002309.g003){ref-type="fig"}) revealed an increase in unlabeled citrate (m + 0) in metformin-treated cells ([Fig 3E](#pbio.1002309.g003){ref-type="fig"}). This could result from either reduced pyruvate entry into the TCA cycle due to increased lactate production ([Fig 1G](#pbio.1002309.g001){ref-type="fig"}) or decreased cycling of citrate through the TCA cycle, as distribution of m + 4-labeled citrate (generated from two cycles of m + 2 acetyl-CoA entering the TCA cycle) was significantly reduced in metformin-treated cells ([Fig 3E](#pbio.1002309.g003){ref-type="fig"}). Similar reductions in ^13^C-labeling from glucose were also observed in the TCA cycle metabolites succinate and fumarate in metformin-treated cells ([S3A Fig](#pbio.1002309.s016){ref-type="supplementary-material"}).

![Metformin suppresses glucose- and glutamine-dependent TCA cycle activity.\
**A.** Relative abundance of TCA metabolites in metformin-treated H1299 cells. Cells were treated with or without metformin (5 mM) for 8 h, and TCA cycle metabolites determined by gas chromatography-mass spectrometry (GC-MS). Data are expressed as the ratio of metabolite levels in metformin-treated cells relative to cells cultured without metformin. Data shown is normalized to cell number. The data represent the mean ± SEM for triplicate samples. **B.** Heat map of relative metabolite abundances in metformin-treated H1299 cells. H1299 cells were treated with (+) or without (−) 5 mM metformin for 6 h, followed by culture with U-\[^13^C\]-glucose or U-\[^13^C\]-glutamine for an additional 2 h. Shown is the relative abundance of U-\[^13^C\]-glucose-derived (left panel) or U-\[^13^C\]-glutamine-derived (right panel) TCA cycle metabolites under each culture condition. Data are expressed relative to the ^13^C metabolite abundance in H1299 cells cultured under control conditions (no metformin). **C.** Relative abundance of glucose-derived citrate in metformin-treated H1299 cells. Cells were treated for 24 h with the indicated doses of metformin followed by incubation with U-\[^13^C\]-glucose for 2 h. The abundance of unlabeled (^12^C, white) and U-\[^13^C\]-glucose-labeled (^13^C, black) citrate was determined by GC-MS. Data are normalized to cell number. **D.** Schematic of U-\[^13^C\]-glucose labeling in the TCA cycle. Input of fully-labeled Ac-CoA (m + 2) results in the generation of m + 2-labeled metabolites on the first turn of the TCA cycle, and m + 4-labeled metabolites on the second turn. **E.** Distribution of U-\[^13^C\]-glucose-derived isotopomers of citrate in H1299 cells cultured with or without metformin as in (**B**). The data represent the mean ± SEM for triplicate samples. **F.** Relative abundance of glutamine-derived citrate in metformin-treated H1299 cells. Cells were treated as in (**B**), and the abundance of unlabeled (^12^C, white) and U-\[^13^C\]-glutamine-labeled (^13^C, black) citrate was determined by GC-MS. Data are normalized to cell number. **G.** Schematic of U-\[^13^C\]-glutamine labeling in the TCA cycle. Anaplerotic U-\[^13^C\]-glutamine flux into the TCA cycle follows clockwise flow resulting in m + 4 labeling during the first round of the TCA cycle. Reductive carboxylation of α-KG results in m + 5 labeling in citrate. **H.** Distribution of U-\[^13^C\]-glutamine-derived isotopomers of citrate in H1299 cells cultured with or without metformin as in (**B**). The data represent the mean ± SEM for triplicate samples. **I.** Relative abundance of citrate produced via oxidative (m + 4) and reductive (m + 5) pathways in H1299 cells treated with (+) or without (−) metformin. Cells were treated as in (**B**), and the abundance of U-\[^13^C\]-glutamine-labeled m+4 and m+5 citrate was determined by GC-MS. \*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001. Raw data for this figure can be found in [S3 Data](#pbio.1002309.s003){ref-type="supplementary-material"}.](pbio.1002309.g003){#pbio.1002309.g003}

Glutamine contributes to anaplerotic flux into the TCA cycle via deamination and transamination reactions to generate α-KG. Metformin treatment of H1299 cells reduced the total abundance of citrate, succinate, and fumarate derived from U-\[^13^C\]-glutamine ([Fig 3F](#pbio.1002309.g003){ref-type="fig"} and [S2B Fig](#pbio.1002309.s016){ref-type="supplementary-material"}). Oxidative metabolism of α-KG (m + 5 labeled when derived from U-\[^13^C\]-glutamine) results in citrate labeled as m + 4, while reductive metabolism of α-KG by isocitrate dehydrogenase (IDH) generates m + 5 citrate ([Fig 3G](#pbio.1002309.g003){ref-type="fig"}). Consistent with previous observations \[[@pbio.1002309.ref031],[@pbio.1002309.ref032]\], we observed an increased proportion of m + 5 citrate in the total citrate pool following metformin treatment of H1299 cells ([Fig 3H](#pbio.1002309.g003){ref-type="fig"}), suggesting a shift in α-KG metabolism towards reductive carboxylation. This shift in α-KG metabolism has previously been argued as an adaptive response to metformin treatment in certain tumor types \[[@pbio.1002309.ref031]\]. However, the total abundance of m + 5 citrate was significantly reduced in metformin-treated cells (\~5% of that observed in control treated cells) despite an overall metabolic shift towards reductive carboxylation of α-KG ([Fig 3I](#pbio.1002309.g003){ref-type="fig"}). Lastly, the decrease in citrate abundance under metformin treatment was independent of AMPK expression ([S3C Fig](#pbio.1002309.s016){ref-type="supplementary-material"}).

Metformin Suppresses De Novo Lipid Synthesis in Tumor Cells {#sec005}
-----------------------------------------------------------

Citrate is a key intermediate for the production of cytosolic acetyl-CoA, which is a substrate for de novo lipid biosynthesis. Given the reduced citrate production induced by metformin, we assessed the impact of metformin treatment on de novo fatty acid (FA) synthesis. The relative abundance of palmitate, one of the most abundant fatty acids in H1299 cells, was reduced following metformin treatment ([S3A Fig](#pbio.1002309.s016){ref-type="supplementary-material"}). Isotope tracer analysis using U-\[^13^C\]-glucose revealed a decrease in the lipogenic acetyl-CoA derived from glucose ([Fig 4A](#pbio.1002309.g004){ref-type="fig"}). Consequently, we observed a decrease in the relative abundance of ^13^C-labeled palmitate following metformin treatment ([Fig 4B](#pbio.1002309.g004){ref-type="fig"}). Moreover, we observed an increase in un-labeled (m + 0) palmitate upon metformin treatment ([Fig 4C](#pbio.1002309.g004){ref-type="fig"}). Conversely, levels of U-\[^13^C\]-glutamine-derived lipogenic acetyl-CoA pools increased upon metformin treatment ([Fig 4D](#pbio.1002309.g004){ref-type="fig"}). Yet, the relative abundance of glutamine-derived palmitate was decreased ([Fig 4E](#pbio.1002309.g004){ref-type="fig"}) due to lowered citrate abundance ([Fig 3F](#pbio.1002309.g003){ref-type="fig"}). Consistent with this, there was an increase in unlabeled (m + 0) palmitate upon metformin treatment combined with U-\[^13^C\]-glutamine ([Fig 4F](#pbio.1002309.g004){ref-type="fig"}). Metformin treatment lowered U-\[^13^C\]-glucose- and -glutamine-derived lipogenic acetyl-CoA pools in both WT and AMPKα-deficient MEFs, indicating that the effects of metformin on de novo lipogenesis were AMPK-independent ([S3B and S3C Fig](#pbio.1002309.s016){ref-type="supplementary-material"}). Furthermore, metformin reduced both lipogenic acetyl-CoA production and palmitate biosynthesis in the presence of the β-oxidation inhibitor etomoxir ([S3D Fig](#pbio.1002309.s016){ref-type="supplementary-material"}), suggesting that reduced lipid synthesis, rather than increased beta-oxidation, was the cause of reduced palmitate abundance in metformin-treated cells.

![Metformin inhibits de novo palmitate synthesis in cancer cells.\
A--F. Palmitate biosynthesis in metformin-treated H1299 cells. Cells were cultured for 48 h with (+) or without (−) 5 mM metformin, followed by an additional 24 h of culture with U-\[^13^C\]-glucose or U-\[^13^C\]-glutamine. Relative lipogenic acetyl-CoA derived from labeled glucose (**A**) or labeled glutamine (**D**). U-\[^13^C\]-glucose-derived (**B**) or U-\[^13^C\]-glutamine-derived (**E**) palmitate was determined by GC-MS. Data are normalized to cell numbers. **C, F.** Mass isotopomer distribution of U-\[^13^C\]-glucose-derived (**C**) or U-\[^13^C\]-glutamine-derived (**F**) palmitate. **G.** Proliferation of H1299 NSCLC cells expressing control (CTL) or ATP citrate lyase (ACL)-specific siRNAs following culture for 72 h with (+) or without (−) 5 mM metformin. Cell numbers are expressed relative to cell counts in control conditions (0 mM metformin), and data represent the mean ± SEM for each condition (*n* = 20). Levels of ACL knockdown in H1299 cells were determined by immunoblot. \*, *p* \< 0.05; \*\*, *p* \< 0.01. Raw data for this figure can be found in [S4 Data](#pbio.1002309.s004){ref-type="supplementary-material"}.](pbio.1002309.g004){#pbio.1002309.g004}

ATP citrate lyase (ACL) converts cytosolic citrate into acetyl-CoA, and is a rate-limiting step for FA synthesis in tumor cells \[[@pbio.1002309.ref033]\]. Metformin reduced the proliferation of H1299 cells to the same extent as cells in which ACL has been silenced using siRNA ([Fig 4G](#pbio.1002309.g004){ref-type="fig"}), consistent with reduced citrate-dependent lipid biosynthesis as a mechanism for metformin action.

Metformin-Dependent Inhibition of Lipid Biosynthesis Requires Functional Mitochondria {#sec006}
-------------------------------------------------------------------------------------

Recent reports have linked inhibition of complex I of the mitochondrial ETC to the antiproliferative effects of metformin in cells with functional mitochondria \[[@pbio.1002309.ref001],[@pbio.1002309.ref012]\]. However, tumor cells grown under hypoxia or harboring defects in mitochondrial metabolism are able to generate biosynthetic intermediates for cell growth via glutamine-dependent reductive carboxylation \[[@pbio.1002309.ref032],[@pbio.1002309.ref034],[@pbio.1002309.ref035]\]. Our data argue that cells with defective ETC activity may be refractive to metformin treatment. To test this hypothesis, we examined the impact of metformin on cellular biosynthesis and growth of isogenic 143B human osteosarcoma cells with intact (143B*wt*) or defective (143B*cytb*) complex III activity \[[@pbio.1002309.ref032],[@pbio.1002309.ref036],[@pbio.1002309.ref037]\]. Cells with nonfunctional complex III displayed decreased OCR ([S4A Fig](#pbio.1002309.s017){ref-type="supplementary-material"}) and a slight increase in ECAR ([S4B Fig](#pbio.1002309.s017){ref-type="supplementary-material"}), which was unaffected by metformin treatment, confirming defective OXPHOS in these cells. While mutant 143B*cytb* cells displayed lower overall levels of TCA cycle intermediates compared to control 143B*wt* cells, metformin treatment did not affect TCA metabolite levels (with the exception of succinate) in cells lacking functional ETC activity ([S5C Fig](#pbio.1002309.s018){ref-type="supplementary-material"}).

Isotope tracer analysis of 143B cells using U-\[^13^C\]-glucose indicated that metformin selectively suppressed citrate biosynthesis in cells with functional ETC activity ([Fig 5A](#pbio.1002309.g005){ref-type="fig"}). Metformin treatment increased the percentage of unlabeled (m + 0) citrate in 143B*wt* but not 143B*cytb* cells, while concurrently decreasing levels of m + 2 and m + 4 citrate ([Fig 5A](#pbio.1002309.g005){ref-type="fig"}). This resulted in a selective depletion of ^13^C-glucose-derived citrate in 143B*wt* cells ([Fig 5B](#pbio.1002309.g005){ref-type="fig"}). As reported previously \[[@pbio.1002309.ref032]\], metformin could promote reductive glutamine metabolism in 143B*wt* cells (generation of m + 5 citrate from U-\[^13^C\]-glutamine), while 143B*cytb* cells displayed reductive carboxylation even in the absence of metformin ([Fig 5C](#pbio.1002309.g005){ref-type="fig"}). While the abundance of U-\[^13^C\]-glutamine-derived citrate in 143B*wt* cells was significantly impacted by metformin, 143B*cytb* cells without functional ETC activity continued to generate citrate from glutamine and actually displayed an increase in ^13^C-glutamine-derived citrate when cultured with metformin ([Fig 5D](#pbio.1002309.g005){ref-type="fig"}).

![Metformin requires functional mitochondrial electron transport to suppress de novo lipogenesis.\
A--B. Abundance and distribution of U-\[^13^C\]-glucose-derived citrate in metformin-treated 143B osteosarcoma cells. 143B*wt* and 143B*cytb* cells were cultured with (+) or without (−) metformin (10 mM) for 12 h, and intracellular metabolites extracted and analyzed by GC-MS. U-\[^13^C\]-glucose was added for the final 6 h of culture. Shown is the isotopomer distribution (**A**) and relative abundance (**B**) of U-\[^13^C\]-glucose-derived citrate in 143B*wt* and 143B*cytb* cells treated as indicated. Data are normalized to cell number and are presented as mean ± SEM for each condition (*n* = 3), and are representative of two independent experiments. **C--D.** Abundance and distribution of U-\[^13^C\]-glutamine-derived citrate in metformin-treated 143B cells. 143B Cells were treated as in (**A**), with U-\[^13^C\]-glutamine added for the final 6 h of culture. Isotopomer distribution (**C**) and relative abundance (**D**) of U-\[^13^C\]-glutamine-derived citrate in 143B*wt* and 143B*cytb* cells is shown. Data are normalized to cell number. **E**. Relative palmitate abundance in 143B*wt* and 143B*cytb* cells cultured with (+) or without (−) metformin (10 mM) for 72 h. Data are normalized to cell number and presented as mean ± SEM for each condition (*n* = 3). **F--G**. Relative abundance of U-\[^13^C\]-glucose-derived (**F**) and U-\[^13^C\]-glutamine-derived (**G**) lipogenic acetyl-CoA and palmitate in 143B*wt* and 143B*cytb* cells cultured in the presence (+) or absence (−) of metformin (10 mM) for 72 h. Cells were cultured for 72 h, with U-\[^13^C\]-glucose or U-\[^13^C\]-glutamine added for the final 24 h of culture. Data are normalized to cell number, are presented as mean ± SEM for triplicate samples, and are representative of three independent experiments. \*, *p* \< 0.05; \*\*, *p* \< 0.01. Raw data for this figure can be found in [S5 Data](#pbio.1002309.s005){ref-type="supplementary-material"}.](pbio.1002309.g005){#pbio.1002309.g005}

We next assessed whether metformin could suppress FA biosynthesis in cells lacking functional ETC activity. Total palmitate levels in 143B*wt* cells were significantly decreased by metformin treatment, while palmitate levels in 143B*cytb* cells were unaffected ([Fig 5E](#pbio.1002309.g005){ref-type="fig"}). Isotope tracing experiments with U-\[^13^C\]-glucose revealed that palmitate is largely derived from glucose in 143B*wt* cells, and that metformin significantly reduced the production of glucose-derived lipogenic acetyl-CoA and palmitate in 143B*wt* cells ([Fig 5F](#pbio.1002309.g005){ref-type="fig"}). 143B*wt* cells were unable to compensate by increasing the level of U-\[^13^C\]-glutamine-derived palmitate despite increasing the U-\[^13^C\]-glutamine-derived lipogenic acetyl-CoA ([Fig 5G](#pbio.1002309.g005){ref-type="fig"}), by switching to reductive glutamine metabolism in response to metformin ([Fig 5C](#pbio.1002309.g005){ref-type="fig"}). In contrast, 143B*cytb* derived very little lipogenic acetyl-CoA and palmitate from U-\[^13^C\]-glucose ([Fig 5F](#pbio.1002309.g005){ref-type="fig"}). Rather, levels of U-\[^13^C\]-glutamine-derived lipogenic acetyl-CoA and palmitate were higher in 143B*cytb* cells compared to 143B*wt* cells, and both total abundances and isotopomer distribution of U-\[^13^C\]-glutamine-derived palmitate were unaffected by metformin treatment ([Fig 5G](#pbio.1002309.g005){ref-type="fig"} and [S5D Fig](#pbio.1002309.s018){ref-type="supplementary-material"}).

Cells That Bypass Mitochondrial-Dependent Biosynthetic Pathways Are Resistant to the Antiproliferative Effects of Metformin {#sec007}
---------------------------------------------------------------------------------------------------------------------------

Given that 143B*cytb* cells with defective mitochondrial ETC activity were insensitive to the effects of metformin on citrate production and palmitate biosynthesis, we next investigated the proliferation of these cells in the presence of metformin. Metformin treatment induced a dose-dependent decrease in proliferation of 143B*wt* cells ([Fig 6A](#pbio.1002309.g006){ref-type="fig"}), correlating with decreased citrate production and FA biosynthesis in these cells ([Fig 5](#pbio.1002309.g005){ref-type="fig"}). Conversely, 143B*cytb* cells displayed greater resistance to the antiproliferative effects of metformin treatment at all concentrations tested ([Fig 6A](#pbio.1002309.g006){ref-type="fig"}), while not affecting cell viability ([S5A Fig](#pbio.1002309.s018){ref-type="supplementary-material"}). Given that glutamine-dependent FA biosynthesis remained intact in 143B*cytb* cells ([Fig 5G](#pbio.1002309.g005){ref-type="fig"}), we assessed the impact of silencing ACL on the proliferation of 143B*cytb* cells ([Fig 6B](#pbio.1002309.g006){ref-type="fig"}). While 143B*cytb* cells maintained higher levels of proliferation in response to metformin relative to 143B*wt* cells, silencing ACL attenuated the growth advantage of 143B*cytb* cells, lowering their proliferation to that seen in metformin-treated 143B*wt* cells ([Fig 6B](#pbio.1002309.g006){ref-type="fig"} and [S5B Fig](#pbio.1002309.s018){ref-type="supplementary-material"}). We observed that silencing ACL did not result in a buildup of citrate pools in the mitochondria. Rather, glutamine-derived citrate was still lowered under metformin treatment in ACL-silenced 143B*wt* cells ([S5C Fig](#pbio.1002309.s018){ref-type="supplementary-material"}). We also observed a lower baseline level of citrate when ACL is silenced, which is consistent with a slower proliferative rate for these cells under control conditions ([S6C Fig](#pbio.1002309.s019){ref-type="supplementary-material"}).

![Cancer cells with defective ETC activity display resistance to the antiproliferative effects of metformin.\
**A.** Proliferation of 143B*wt* and 143B*cytb* cells cultured in medium containing the indicated doses of metformin. Cell numbers were determined after 72 h of treatment, and are expressed relative to cell counts in control conditions (0 mM metformin). Each data point represents the mean ± SEM for each condition (*n* = 10). **B.** Proliferation of 143B*wt* and 143B*cytb* cells treated with control siRNA (CTL) or ACL-specific siRNA. Cell counts were determined after 48 h of culture in medium containing 10 mM metformin and expressed relative to cell counts in control conditions. The data represent the mean ± SEM for each condition (*n* = 10) and are representative of three independent experiments. **C.** U-\[^13^C\]-acetate-derived lipogenic acetyl-CoA in 143B*wt* cells with or without 5 mM metformin treatment for 72 h. **D.** Proliferation of 143B*wt* cells cultured in the absence or presence of 5 mM metformin under control (white) or acetate supplementation (black, 5 mM) conditions. Growth curves over time are shown. Each data point represents the mean ± SD for each condition (*n* = 10), and is representative of three independent experiments. Raw data for this figure can be found in [S6 Data](#pbio.1002309.s006){ref-type="supplementary-material"}.](pbio.1002309.g006){#pbio.1002309.g006}

The reduction of mitochondrial-dependent lipogenesis by metformin correlates with its suppressive effect on proliferation. To assess the importance of de novo lipogenesis to metformin-dependent proliferative arrest, we provided metformin-treated cells with acetate, which can function as an external lipogenic substrate for cancer cells \[[@pbio.1002309.ref038]\]. U-\[^13^C\]-Acetate tracing experiments confirmed that acetate could contribute to the lipogenic acetyl-CoA pool in metformin-treated cells ([Fig 6C](#pbio.1002309.g006){ref-type="fig"}). 143B*wt* tumor cells supplemented with acetate displayed a slight increase in cell proliferation under regular growth conditions ([Fig 6D](#pbio.1002309.g006){ref-type="fig"}). Importantly, acetate supplementation resulted in sustained proliferation of 143B*wt* cells when cultured in the presence of metformin ([Fig 6D](#pbio.1002309.g006){ref-type="fig"}).

Tumor cells growing under hypoxia use reductive glutamine metabolism as a means to bypass mitochondrial-dependent lipogenesis \[[@pbio.1002309.ref034],[@pbio.1002309.ref035]\]. Thus, we assessed the growth rate of cancer cells under both hypoxia and metformin treatment. Metformin treatment reduced 143B*wt* cell proliferation under normoxic conditions (\~20% O~2~), but had no impact on cell proliferation when cells were cultured under hypoxic conditions (1% O~2~) ([Fig 7A](#pbio.1002309.g007){ref-type="fig"}), even over a broad range of metformin concentrations ([Fig 7B](#pbio.1002309.g007){ref-type="fig"}). Together, these data suggest that metformin can antagonize cell proliferation by suppressing mitochondrial-dependent lipogenesis, and that cells capable of bypassing this mitochondrial-dependent biosynthetic pathway are resistant to the antiproliferative properties of biguanides.

![Hypoxia results in adaptive resistance to the anti-proliferative effects of metformin.\
**A**. Proliferation of 143B*wt* cells cultured in the absence or presence of 5 mM metformin under normoxic (white) or hypoxic (black, 1% O~2~) conditions. Growth curves over time are indicated. **B.** Proliferation of 143B*wt* cells cultured under normoxia (white) or hypoxia (black, 1% O~2~) in medium containing the indicated doses of metformin. Cell numbers were determined after 72 h of treatment, and are expressed relative to cell counts in control conditions. Each data point represents the mean ± SEM for each condition (*n* = 10), and is representative of three independent experiments. Raw data for this figure can be found in [S7 Data](#pbio.1002309.s007){ref-type="supplementary-material"}.](pbio.1002309.g007){#pbio.1002309.g007}

Discussion {#sec008}
==========

Recent work has confirmed that biguanides such as metformin can exert cell autonomous, dose-dependent effects on tumor cell proliferation \[[@pbio.1002309.ref012],[@pbio.1002309.ref039]\]. While inhibition of complex I activity is required for the antitumor effects of metformin \[[@pbio.1002309.ref001],[@pbio.1002309.ref012]\], the mechanism(s) by which metformin affects proliferation downstream of complex I inhibition has remained unclear. One hallmark of proliferating cancer cells is the reprogramming of cellular metabolism to direct resources towards cellular biosynthetic pathways to support anabolic growth \[[@pbio.1002309.ref040]\]. Our results here indicate that metformin can limit tumor cell proliferation in vitro by starving them of the biosynthetic intermediates required for cell growth. Mitochondrial-derived TCA cycle intermediates such as citrate are key substrates required for the production of biomass \[[@pbio.1002309.ref041],[@pbio.1002309.ref042]\]. We show that treatment of cancer cells with metformin reduces glucose- and glutamine-dependent anaplerotic flux into the TCA cycle, leading to depletion of citrate-derived acetyl-CoA required for de novo lipid biosynthesis. Interestingly, the metabolic effects of metformin are independent of the metabolic checkpoint kinases LKB1 and AMPK. However, tumor cells capable of mitochondrial-independent citrate production---including cells growing under hypoxia or with impaired ETC activity---are insensitive to the antiproliferative effects of metformin. Together our data argue for a "substrate limitation" model of metformin action, by which metformin restricts biosynthetic capacity by reducing the production of TCA cycle intermediates required for cell growth.

Our data indicate that metformin exerts dose-dependent cytostatic effects on cancer cell proliferation without major alterations in cell viability. This is likely due to the metabolic shift to glycolysis triggered by metformin-dependent suppression of complex I \[[@pbio.1002309.ref001],[@pbio.1002309.ref012]\]. In fact, blocking glycolysis in metformin-treated cells can lead to metabolic crisis and reduced viability of tumor cells \[[@pbio.1002309.ref043]\]. It has been argued that activation of metabolic checkpoints by LKB1 and AMPK are necessary for the adaptive metabolic response of tumor cells to metformin \[[@pbio.1002309.ref014],[@pbio.1002309.ref017],[@pbio.1002309.ref022]\]. Activation of AMPK downstream of metformin treatment can suppress mTORC1-dependent mRNA translation in tumor cells \[[@pbio.1002309.ref020]\], and mTORC1 can exert global effects on cellular metabolism \[[@pbio.1002309.ref044],[@pbio.1002309.ref045]\]. However, we find that AMPK-deficient cells are capable of inducing the metabolic switch to glycolysis promoted by metformin treatment, and that cells with defective LKB1-AMPK signaling remain sensitive to the cytostatic effects of metformin. Moreover, cells lacking the translation inhibitors 4E-BP1/2 also display reduced proliferation in response to metformin treatment. Deletion of 4E-BP1/2 normally helps maintain mTORC1-dependent cell proliferation under growth-restrictive conditions \[[@pbio.1002309.ref030]\], yet these cells enter growth arrest despite maintenance of eIF4E-dependent translation. While activation of these checkpoints may be important for surviving the energetic stress associated with chronic metformin treatment \[[@pbio.1002309.ref028],[@pbio.1002309.ref046]--[@pbio.1002309.ref048]\], our data indicate that metformin is capable of stimulating metabolic changes and growth arrest independent of AMPK.

Cancer cells rely on the input of both glucose- and glutamine-derived carbon to maintain mitochondrial respiration and ATP production. However, these nutrients also contribute to biomass generation and can thus be limiting factors for proliferating cells \[[@pbio.1002309.ref049]\]. Using ^13^C tracer analysis, we found that metformin greatly reduced the anaplerotic flux of both glucose and glutamine into the TCA cycle, leading to a significant reduction in TCA cycle metabolite abundance. In particular, citrate production from U-\[^13^C\]-glucose and U-\[^13^C\]-glutamine was highly impacted by metformin treatment, reduced by 75% and \>90%, respectively. This reduced citrate production had a direct impact on the ability of metformin-treated cells to direct glucose and glutamine carbon into lipid biosynthesis, as measured by a reduction in glucose- and glutamine-derived lipogenic acetyl-coA pools and reduced ^13^C labeling in palmitate under metformin conditions. Targeting ACL, a rate-limiting step for converting cytosolic citrate to acetyl-CoA for fatty acid biosynthesis \[[@pbio.1002309.ref050]\], inhibited cancer cell proliferation to a similar extent as that induced by metformin treatment. Alternatively, we show that providing tumor cells with an alternate lipogenic substrate such as acetate can help overcome the antiproliferative effects of metformin. By reducing anaplerotic flux into the TCA cycle, metformin effectively reduces the availability of mitochondrial-derived citrate for cataplerotic activity, ultimately reducing tumor cell proliferation due to substrate limitation.

Previous work has demonstrated that cancer cells are capable of adapting to mitochondrial dysfunction by engaging IDH1-dependent reductive carboxylation of α-KG rather than conventional oxidation in the TCA cycle \[[@pbio.1002309.ref032],[@pbio.1002309.ref035]\]. This metabolic adaptation directs glutamine carbon into cytosolic acetyl-CoA pools by facilitating the production of citrate from α-KG in the cytosol, effectively bypassing the requirement for mitochondrial citrate to fuel acetyl-CoA production. Similar to previous observations \[[@pbio.1002309.ref031],[@pbio.1002309.ref032]\], we found that metformin could stimulate reductive glutamine metabolism in tumor cells, characterized by the formation of m + 5 citrate from U-\[^13^C\]-glutamine. However, the overall abundance of glutamine-derived citrate generated from either oxidative (m + 4) or reductive (m + 5) pathways was reduced by \<90% under conditions of metformin treatment. Thus, despite the metabolic shift towards reductive carboxylation induced by metformin treatment, this may not be a sufficient adaptation to maintain citrate production, de novo lipogenesis, and proliferation in all cell types. The rate of reductive glutamine metabolism is influenced by the citrate to α-KG ratio in cells \[[@pbio.1002309.ref051]\]; thus, the lowering of TCA metabolite levels by metformin may affect the absolute rate of reductive carboxylation by disrupting the balance of citrate to α-KG in mitochondria.

Further evidence of a mitochondrial substrate limitation model for metformin action is supported by our data using tumor cells with dysfunctional ETC activity. 143B human osteosarcoma cells with defects in complex III activity (*cytb* mutants) are capable of cell proliferation as they actively engage mitochondrial-independent pathways of biosynthesis, including reductive glutamine metabolism for lipid biosynthesis \[[@pbio.1002309.ref032]\]. 143B*cytb* cells generate the majority of their de novo synthesized palmitate from glutamine, a process that is insensitive to metformin treatment. When metformin is administered to these cells, there is no effective "target" for the drug, as they have altered their pathway of citrate biosynthesis to bypass the TCA cycle entirely. In contrast, cells with functional mitochondria primarily use glucose-derived citrate for palmitate biosynthesis and are unable to engage extramitochondrial citrate biosynthesis at levels needed to maintain lipid production, contributing to metformin sensitivity. These metabolic differences directly impact tumor cell proliferation: while 143B*wt* cells display a dramatic drop in glucose- and glutamine-dependent citrate and lipid production in response to metformin treatment, 143B*cytb* cells were largely unaffected, even at metformin doses that promote greater than 80% suppression of proliferation in control cells. The proliferation of both 143B*wt* and 143B*cytb* cells was sensitive to ACL inhibition, arguing that the generation of cytosolic acetyl-CoA is key for maintaining tumor cell proliferation regardless of the source of citrate.

One challenge when considering the use of biguanides for cancer treatment is identifying genetic or metabolic properties in tumors that confer sensitivity or resistance to biguanide treatment. Phenformin can confer a cytotoxic response in tumors defective in LKB1-AMPK signaling \[[@pbio.1002309.ref046]\], and can synergize with targeted therapies to enhance therapeutic response in specific tumor types \[[@pbio.1002309.ref052]\]. Recent work suggests that tumor cells with reduced ability to engage OXPHOS under metabolic stress, due to impaired glucose utilization or mitochondrial DNA (mtDNA) mutations in complex I genes, are also sensitive to the energy-depleting effects of biguanides \[[@pbio.1002309.ref039]\]. One implication of our data is that metabolic adaptations that reduce the reliance of tumor cells on mitochondria for anabolic growth can contribute to resistance to biguanide treatment. One impact of these findings is that metabolic adaptations to hypoxia may contribute to biguanide resistance. Hypoxia restricts glucose and glutamine entry into the TCA cycle through HIF-1α-dependent effects on pyruvate dehydrogenase (PDH) and α-KG dehydrogenase (α-KGDH) activity, respectively \[[@pbio.1002309.ref053]--[@pbio.1002309.ref055]\]. To compensate, tumor cells use reductive glutamine metabolism to maintain acetyl-CoA production and lipid biosynthesis when growing under hypoxic conditions \[[@pbio.1002309.ref034],[@pbio.1002309.ref035]\], effectively adopting the metabolic profile of cancer cells with mitochondrial dysfunction. 143B*wt* cells, which normally arrest cell proliferation in response to metformin, become resistant to the antiproliferative effects of metformin when cultured under hypoxia. These results may explain the limited effectiveness of metformin as a single agent or in combination with chemotherapeutic drugs under hypoxic conditions \[[@pbio.1002309.ref056]\]. Our results suggest that targeting ACL activity may be an effective strategy to overcome biguanide resistance.

Together, our data argue against current models of metformin action through the activation of metabolic checkpoints. Rather, our data indicate that the cytostatic effects of metformin are due to restriction of important anaplerotic substrates required for TCA cycle-dependent biosynthesis. These observations provide both new insight into the mechanism of metformin action on tumor cells but also highlight metabolic adaptations engaged by tumor cells to bypass the antiproliferative effects of biguanides.

Materials and Methods {#sec009}
=====================

Cell Lines and Cell Culture {#sec010}
---------------------------

H1299 and HCT116 tumor cells were obtained from the ATCC (Manassas, VA, USA). A549 \[[@pbio.1002309.ref046]\] and 143B osteosarcoma cells \[[@pbio.1002309.ref032]\] have been previously described. Primary MEFs deficient for AMPKα1 and α2 or LKB1 were generated by timed mating and immortalized with SV40 Large T Antigen as previously described \[[@pbio.1002309.ref057]\]. MEFs deficient for 4EBP1 and 4EBP2 were kindly provided by Masahiro Morita and Nahum Sonenberg \[[@pbio.1002309.ref030],[@pbio.1002309.ref044]\]. Cells were cultured in complete growth medium (DMEM (A549 cells) or RPMI (H1299 cells)) supplemented with 10% fetal bovine serum (FBS), 20,000 U/ml penicillin, 7 mM streptomycin, 200 mM glutamine, and nonessential amino acids (for H1299 cells). Cells were grown at 37°C in a humidified atmosphere supplemented with 5% (v/v) CO~2~. Metformin and phenformin were prepared fresh and added to cell cultures at the indicated concentrations for up to 72 h.

Cell Growth and Cell Death Assays {#sec011}
---------------------------------

Cells were either seeded in 96- (8,000 cells/well) or 384-well plates (500 cells/well) in growth medium. After 24 h, medium was replaced with fresh growth medium containing various doses of either metformin or phenformin as indicated. For hypoxia treatments cells were cultured for up to 72 h under 1% O~2~ tension in a Heracell Tri-gas incubator (Forma Scientific). Cells were fixed with 4% paraformaldehyde at 24, 48, and 72 h for 20 min at room temperature, followed by staining with crystal violet (0.05% (w/v) crystal violet and 20% (v/v) 95% ethanol) for 30 min, solubilization in PBS containing 1% SDS for 1 h, and then analyzed at 595 nm on a Spectramax plate reader (Molecular Devices, Sunnyvale, CA, USA). Alternatively, cells were seeded in 384 well plates (500 cells/well) in growth medium. After 24 h, growth medium was replaced with fresh medium containing various doses of metformin. Cells were fixed with 4% formaldehyde, stained with Hoechst DNA stain, and cell number was determined by nuclei counting. Images were taken using an Operetta High Content Imaging System and analyzed using Harmony High Content Imaging and Analysis Software, both from Perkin Elmer (Waltham, MA, USA). Cell viability was assessed by viability dye exclusion using flow cytometry as previously described \[[@pbio.1002309.ref024]\]. Viability was determined relative to cells subjected to control treatment 48--72 h following biguanide treatment. Viability was assessed using flow cytometry and measuring propidium iodide incorporation. Transient knockdown of ACL was achieved using SMARTpool ON-TARGETplus siRNA (GE Dharmacon, Layette, CO, USA). Briefly, 50 nM siRNA was incubated for 20 min with RNAimax in OptiMEM medium (Life Technologies) in a 12-well plate, followed by seeding of cells (60,000 cells/well). Cells were transfected a second time 48 h later and plated for assays the following day.

Immunoblotting {#sec012}
--------------

Cells were lysed in modified CHAPS buffer (10mM Tris·HCl, 1 mM MgCl2, 1 mM EGTA, 0.5 mM CHAPS, 10% glycerol, 5 mM NaF) supplemented with the following protease additives: protease and phosphatase tablets (Roche), DTT (1 μg/mL), and benzamidine (1 μg/mL). Cleared lysates were resolved by SDS/PAGE, transferred to nitrocellulose, and incubated with primary antibodies. Primary antibodies to AMPKα (pT172-specific and total), S6 ribosomal protein (pS235/236-specific and total), 4E-BP1 (pT37/46-specific and total), GAPDH, as well as HRP-conjugated anti-rabbit secondary antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA).

Seahorse XF96 Respirometry and Metabolic Assays {#sec013}
-----------------------------------------------

OCR and ECAR of cells were measured using an XF96 Extracellular Flux Analyzer (Seahorse Bioscience) using established protocols \[[@pbio.1002309.ref024],[@pbio.1002309.ref058]\]. In brief, cells were plated at 1 × 10^4^ per well in 140 μL of nonbuffered DMEM containing 25 mM glucose and 2 mM glutamine. Cells were incubated in a CO~2~-free incubator at 37°C for 2 h to allow for temperature and pH equilibration before loading into the XF96 apparatus. XF assays consisted of sequential mix (3 min), pause (3 min), and measurement (5 min) cycles, allowing for determination of OCR/ECAR every 10 min. H1299 cells were pre-treated with 5 mM metformin for 6 h. Primary MEFs deficient for AMPKα were pretreated with 10 mM metformin for 24 h. Glucose and lactate levels in culture medium were measured using a Flux Bioanalyzer (NOVA Biomedical) as previously described \[[@pbio.1002309.ref024]\].

GC-MS Analysis of ^13^C Metabolites {#sec014}
-----------------------------------

Cellular metabolites were extracted and analyzed by gas chromatography-mass spectrometry (GC-MS) using previously described protocols \[[@pbio.1002309.ref026],[@pbio.1002309.ref058]--[@pbio.1002309.ref060]\]. For mass isotopomer analysis, cells were incubated in glucose and glutamine-free DMEM containing 10% dialyzed FBS and uniformly labeled \[^13^C\]-glucose or \[^13^C\]-glutamine (Cambridge Isotope Laboratories). Extraction of metabolites for GC-MS analysis was conducted as outlined previously \[[@pbio.1002309.ref026],[@pbio.1002309.ref058]\]. For TCA cycle analysis, cells (2--5 × 10^6^ per 10-cm dish) were cultured in control medium or medium containing 5 mM metformin for 6 h, followed by a 2 h incubation with the tracer. Lysis in ice-cold 80% methanol and sonication were then performed following the pulse. Before the samples were dried down, D-myristic acid (750 ng/sample) was added as an internal standard. Dried samples were then dissolved in 30 μL methoxyamine hydrochloride (10 mg/ml) in pyridine and derivatized as tert-butyldimethylsilyl (TBDMS) esters using 70 μL N-(*tert*-butyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA).

For fatty acid profiles, cells were treated with 5 mM metformin (H1299 cells) or 10 mM metformin (143B cells) for 48 h followed by culture with U-\[^13^C\]-glucose or U-\[^13^C\]-glutamine for an additional 24 h. Triglycerides and other lipids were extracted using a modified Folch method \[[@pbio.1002309.ref061]\] substituting methylene chloride for chloroform. Following extraction, the organic layer was isolated, dried in a warm N~2~ stream, and saponified in potassium hydroxide overnight at 60°C. The fatty acids were re-extracted and dried. Dried samples were then dissolved in 30 μL pyridine and derivatized TBDMS esters using 70 μL MTBSTFA.

For both TCA and fatty acids analysis, an Agilent 5975C GC-MS equipped with a DB-5MS + DG (30 m x 250 μm x 0.25 μm) capillary column (Agilent J&W, Santa Clara, CA, USA) was used. All data were collected by electron impact set at 70 eV. A total of 1 μL of the derivatized sample was injected in the GC in splitless mode with inlet temperature set to 280°C, using helium as a carrier gas with a flow rate of 1.5512 mL/min (rate at which myristic acid elutes at 17.94 min). The quadrupole was set at 150°C and the GC/MS interface at 285°C. The oven program for all metabolite analyses started at 60°C held for 1 min, then increasing at a rate of 10°C/min until 320°C. Bake-out was at 320°C for 10 min. Sample data were acquired both in scan (1--600 m/z) and selected ion monitoring (SIM) modes \[[@pbio.1002309.ref059]\].

Mass isotopomer distribution for TCA cycle and fatty acid intermediates was determined using a custom algorithm developed at McGill University \[[@pbio.1002309.ref059]\]. Briefly, the atomic composition of the TBDMS-derivatized metabolite fragments (M-57) was determined, and, using the algorithm, matrices correcting for natural contribution of isotopomer enrichment were generated for each metabolite. After correction for natural abundance, a comparison was made between nonlabeled metabolite abundances (^12^C) and metabolite abundances which were synthesized from the tracer which was pulsed into the cells (^13^C). Metabolite abundance was expressed relative to the internal standard (D-myristic acid) and normalized to cell number. For palmitate analysis of labeling patterns, ISA technique was performed.

Metabolite Profiling by LC-MS {#sec015}
-----------------------------

Cellular metabolites were extracted and analyzed LC-MS using previously described protocols \[[@pbio.1002309.ref058]--[@pbio.1002309.ref060]\]. Liquid chromatography was performed using a 1290 Infinity ultraperformance LC system (Agilent Technologies, Santa Clara, CA, USA) equipped with a Scherzo 3 μm, 3.0 × 150mm SM-C18 column (Imtakt Corp, Japan). The column temperature was maintained at 10°C, and the mobile phases A and B consisted of water containing 5 and 200 mM ammonium acetate, respectively. The chromatographic gradient started at 100% mobile phase (A) with a 5 min gradient to 100% (B). This was followed by a 5 min hold time at 100% mobile phase B at a flow rate of 0.4ml/min. A subsequent re-equilibration time (6 min) was performed before the next injection. Sample volumes of 5 μl were injected for LC-MS analysis. LC-MS analysis was performed on an Agilent 6540 UHD Accurate-Mass Q-TOF mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). Analyte ionization was accomplished using an electrospray ionization source (ESI) in both positive and negative polarities. The source operating conditions were set at 325°C and 9l/min for gas temperature and flow respectively, nebulizer pressure was set at 40 psi and capillary voltage was set a 4.0 kV. Reference masses 121.0509, 922.0099, 1033.9881 were introduced into the source through a secondary spray nozzle to ensure accurate mass. MS data were acquired in full scan mode mass range: m/z 100--1,000; scan time: 1.4s; data collection: centroid and profile. Retention times, and accurate mass for each compound were confirmed against authentic standards as well as matched unlabeled cell extracts grown under the same conditions when cells were undergoing SITA. Data were quantified by integrating the area underneath the curve of each compound using MassHunter Qual (Agilent Technologies, Santa Clara, CA, USA). Each metabolite's accurate mass ion and subsequent isotopic ions were extracted (EIC) using a 10 ppm window.

Isotopomer Spectral Analysis (ISA) of Palmitate Mass Isotopomer Distributions {#sec016}
-----------------------------------------------------------------------------

Isotopomer spectral analysis (ISA) was used to quantify the contribution of ^13^C-glucose, ^13^C-glutamine, and ^13^C-acetate to lipogenic acetyl-CoA pools \[[@pbio.1002309.ref062]\]. ISA extracts this contribution from the experimentally measured palmitate MIDs by applying a system of equations describing the mixing of labeled and unlabeled acetyl-CoA, de novo palmitate synthesis, and the mixture of the newly synthesized palmitate with pre-existing, unlabeled palmitate. In the current ISA model, palmitate synthesis is modeled as the polymerization of eight two-carbon acetyl-CoA units. ISA was performed using the INCA software package \[[@pbio.1002309.ref063]\], which minimizes the sum of squares residuals between the experimentally derived and simulated palmitate MIDs. 95% confidence intervals were calculated for the best fit solution \[[@pbio.1002309.ref064]\].

Statistical Analysis {#sec017}
--------------------

Data are presented as mean ± SD for technical replicates, or mean ± SEM for biological replicates, and analyzed using unpaired Student's *t* test. Statistical significance is indicated in all figures by the following annotations: \*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001; *p* \< 0.0001.

Supporting Information {#sec018}
======================

###### Excel file containing the raw data for [Fig 1](#pbio.1002309.g001){ref-type="fig"}.
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Click here for additional data file.

###### Excel file containing the raw data for [Fig 2](#pbio.1002309.g002){ref-type="fig"}.
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###### Excel file containing the raw data for [Fig 3](#pbio.1002309.g003){ref-type="fig"}.
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###### Excel file containing the raw data for [Fig 4](#pbio.1002309.g004){ref-type="fig"}.
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###### Excel file containing the raw data for [Fig 5](#pbio.1002309.g005){ref-type="fig"}.
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###### Excel file containing the raw data for [Fig 6](#pbio.1002309.g006){ref-type="fig"}.
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###### Excel file containing the raw data for [Fig 7](#pbio.1002309.g007){ref-type="fig"}.
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###### Excel file containing the raw data for [S1 Fig](#pbio.1002309.s014){ref-type="supplementary-material"}.
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Click here for additional data file.

###### Excel file containing the raw data for [S2 Fig](#pbio.1002309.s015){ref-type="supplementary-material"}.

(XLSX)
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###### Excel file containing the raw data for [S3 Fig](#pbio.1002309.s017){ref-type="supplementary-material"}.
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Click here for additional data file.

###### Excel file containing the raw data for [S4 Fig](#pbio.1002309.s017){ref-type="supplementary-material"}.

(XLSX)
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###### Excel file containing the raw data for [S5 Fig](#pbio.1002309.s018){ref-type="supplementary-material"}.

(XLSX)
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Click here for additional data file.

###### Excel file containing the raw data for [S6 Fig](#pbio.1002309.s019){ref-type="supplementary-material"}.

(XLSX)

###### 

Click here for additional data file.

###### Metformin inhibits cancer cell proliferation and alters glucose metabolism and oxygen consumption.

Related to [Fig 1](#pbio.1002309.g001){ref-type="fig"}. **A.** H1299 cell viability measured using propidium iodide incorporation. Cells were treated with (+) or without (−) 5 mM metformin for 72 h in regular growth media. Data normalized to control conditions. Data presented as mean ± SD for triplicate samples and are representative of three independent experiments. **B**. Proliferation of HCT116 cells treated with varying doses of metformin for 72 h. Cell numbers are expressed relative to cell counts in control conditions (0 mM metformin). Each data point represents the mean ± SEM for triplicate samples. **C.** Nucleotide abundance of H1299 cells after 14 h of treatment with varying doses of metformin. Abundances were measured by LC-MS. **D--E**. OCR (**D**) and ECAR (**E**) of H1299 cells cultured for 6 h in the presence or absence of 5 mM metformin. The data represent the mean ± SEM for each condition (*n* = 6 samples per condition) and are representative of three independent experiments. **F--G**. Glucose consumption (**F**) and lactate production (**G**) of H1299 cells after 48 h of treatment with or without metformin (5 mM). The data represent the mean ± SEM for each condition (*n* = 3 samples per condition) and are representative of three independent experiments. \*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001; *p* \< 0.0001. Raw data for this figure can be found in [S8 Data](#pbio.1002309.s008){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### Phenformin inhibits cellular proliferation independent of LKB1 and 4EBP1/2.

Related to [Fig 2](#pbio.1002309.g002){ref-type="fig"}. **A--B.** Proliferation of A549 cells expressing empty vector (A549/Vec) or LKB1 vector (A549/LKB1) (**A**) and MEFs expressing WT 4EBP1/2 (4EBP1/2 WT) or knockout for 4EBP1/2 (4EBP1/2 double knockout \[DKO\]) (**B**), treated with varying doses of phenformin for 72 h. Cell numbers are expressed relative to cell counts in control conditions (0 μM phenformin). The data represent the mean ± SEM for each condition (*n* = 12 samples per condition), and are representative of two independent experiments. Raw data for this figure can be found in [S9 Data](#pbio.1002309.s009){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### Metformin inhibits glucose and glutamine incorporation into TCA cycle metabolites.

Related to [Fig 3](#pbio.1002309.g003){ref-type="fig"}. **A--B.** H1299 cells were treated with (+) or without (−) 5 mM metformin for 6 h, followed by culture with U-\[^13^C\]-glucose (**A**) or U-\[^13^C\]-glutamine (**B**) for an additional 2 h. Shown is the relative abundance (left panel) and isotopomer distribution (right panel) for succinate (top panels) and fumarate (bottom panel) under each culture condition. Cells were then extracted and analyzed by GC-MS. **C.** Relative citrate abundance of MEFs, WT or KO for AMPK, after treatment with (+) or without (−) 5 mM metformin for 6 h, followed by a culture with U-\[^13^C\]-glucose or U-\[^13^C\]-glutamine for an additional 2 h. Data represents mean ± SEM for each condition (*n* = 3). Data shown is representative of three independent experiments. \*, *p* \< 0.05; \*\*, p\<0.01; \*\*\*, p\<0.001; p\<0.0001. Raw data for this figure can be found in [S10 Data](#pbio.1002309.s010){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### Metformin treatment results in reduced fatty acid abundance.

Related to [Fig 4](#pbio.1002309.g004){ref-type="fig"}. **A.** Relative abundance of palmitate in H1299 cells following culture either in the presence or absence of metformin (5 mM) for 72 h. Cells were extracted following the exposure and analyzed using GC-MS. Data represent mean ± SEM for each condition (*n* = 3). Data shown is representative of three independent experiments. \*, *p* \< 0.05 **B--C.** Relative lipogenic acetyl-CoA and palmitate mass isotopomer distribution derived from U-\[^13^C\]-glucose **(B)** or U-\[^13^C\]-glutamine **(C)** in MEFs both WT (white) and KO (red) for AMPK after treatment for 48 h with (hashed bars) or without (open bars) 5 mM metformin and pulsed of 24 h. **D.** Relative lipogenic acetyl-CoA and palmitate abundance derived from U-\[^13^C\]-glucose in H1299 cells after treatment with (black bars) or without (white bars) 5 mM metformin for 48 h followed by glucose pulse with (+) or without (−) 200 uM etomoxir for 24 h. Data represent mean ± SD for each condition (*n* = 3). Data shown is representative of two independent experiments. Raw data for this figure can be found in [S11 Data](#pbio.1002309.s011){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### Cancer cells undergoing mitochondrial-independent macromolecular biosynthesis are resistant to metformin treatment.

Related to [Fig 5](#pbio.1002309.g005){ref-type="fig"}. **A--B.** OCR (**A**) and ECAR (**B**) of 143B osteosarcoma cells cultured with (+) or without (--) metformin (5 mM) for 6 h. **C**. Relative metabolite abundance of 143B*wt* (white bars) and 143B*cytb* (black bars) cells cultured with or without metformin (10 mM) for 12 h. Data expressed as a ratio of metformin treated cells over control conditions (0 mM metformin). Data represents mean ± SEM for each condition (*n* = 3). Data is representative of two independent experiments. **D**. Isotopomer distribution of U-\[^13^C\]-glucose- and U-\[^13^C\]-glutamine-derived palmitate of 143B*wt* and 143B*cytb* cells cultured with (black bars) or without (white bars) metformin (10mM) treatment. Cells were cultured either with or without 10mM metformin for 48 h followed by a 24 h pulse with either U-\[^13^C\]-glucose (top panel) or U-\[^13^C\]-glutamine (bottom panel). Data represents mean ± SEM for each condition (*n* = 3). Data shown is representative of three independent experiments. \*, *p* \< 0.05; \*\*\*, *p* \< 0.001; *p* \< 0.0001. Raw data for this figure can be found in [S12 Data](#pbio.1002309.s012){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### Cancer cells require ACL for continued proliferation in control conditions.

Related to [Fig 6](#pbio.1002309.g006){ref-type="fig"}. **A.** 143B cell viability measured using propidium iodide incorporation. Cells were treated with (black bars) or without (white bars) 5 mM metformin for 72 h in regular growth media. Data normalized to control conditions. Data presented as mean ± SD for triplicate samples and are representative of three independent experiments. **B.** Proliferation of 143B*wt* and 143B*cytb* cells with control siRNA (CTL) or ACL siRNA (*ACL*). The data represent the mean ± SEM for each condition (*n* = 12 samples per condition), and are representative of two independent experiments. Cell numbers normalized to siRNA CTL conditions. **C.** Relative abundance of U-\[^13^C\]-glutamine-derived citrate in 143B*wt* cells with (+) or without (−) 5 mM metformin with control siRNA (-) or ACL siRNA (+) treatment. Cells were treated with 5 mM metformin for 6 h followed by a glutamine pulse for 6 h. Data represents mean ± SEM for each condition (*n* = 3). Raw data for this figure can be found in [S13 Data](#pbio.1002309.s013){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.
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143B*wt*

:   143B human osteosarcoma cells with intact complex III activity

143B*cytb*

:   143B human osteosarcoma cells with defective complex III activity

αKG

:   α-ketoglutarate

α-KGDH

:   α-ketoglutarate dehydrogenase

ACL

:   ATP citrate lyase

AMPK

:   AMP-activated protein kinase

DKO

:   double knockout

ECAR

:   extracellular acidification rate

ETC

:   electron transport chain

FA

:   fatty acid

GC-MS

:   gas chromatography-mass spectrometry

IDH

:   isocitrate dehydrogenase

IGF-1

:   insulin-like growth factor-1

KO

:   knockout

MEFs

:   mouse embryonic fibroblasts

mtDNA

:   mitochondrial DNA

mTOR

:   mammalian target of rapamycin

NSCLC

:   non-small cell lung cancer

OCR

:   O~2~ consumption rate

OXPHOS

:   oxidative phosphorylation

PDH

:   pyruvate dehydrogenase

SITA

:   stable isotope tracer analysis

TCA

:   Tricarboxylic Acid

WT

:   wild type
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